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AbSTrACT: Separating xylitol from xylose and arabinose, which can be achieved through the fermentation broth, is a challenging task due to their closed molecular weight. Several methods have been used for the separation including adsorption, crystallisation and membrane. The separation of xylitol from sugar mixture by using nanofiltration (NF) membrane is of particular interest in this work. NF membrane is proposed based on the range of molecular weight of the mixture components that falls in NF (200 to 2000 gmol -1

). A new and efficient NF membrane used for separating xylitol from its mixture was tailored from polyethersulfone (PES) and PES incorporated with titanium dioxide (TiO
INTrODUCTION
Xylitol is categorised as a polyalcohol and it has caught more attention in recent research works due to its significant use in food, medicine and pharmaceutical industries. 1 Xylitol has many benefits to human health such as its ease for metabolism, prevention of dental caries and as a food additives in chewing gum, soft drinks, beverages and in bakery products. 2 Either lignocellulose or xylose is used as the main source of xylitol production. 3 Xylitol could also be commercially obtained chemically by using catalyst, 4 or biotechnologically by using fungi, bacteria or yeast. 5 The separation performance of xylitol is a complicated process due to presence of impurities and this separation can be achieved by using different techniques such as: (1) crystallisation (75%), 6 (2) adsorption (60%), 7 or (3) membrane technology (82%). 8, 9 Based on this, membrane technique is reported to have given the highest purity compared to others. Membrane technique is also becoming a promising technology because it has the potential for energy saving and higher purity. Further, utilising nanofiltration (NF) membrane in this technique has proven to be an effective technology for the removal of organic materials such as sugars and sugar alcohol depending on molecular weight of the sugars (152.15-150.15 g/mol). 9, 10 Additionally, according to the NF membrane hydrophilicity that could potentially minimise fouling, etc., NF is recommended to be used for separation of xylitol from sugars. 9, 11, 12 Many types of polymers have been reportedly used to fabricate NF and UF membrane such as polyamide (PA), polysulfone (PSF) and polyethersulfone (PES). 13, 14 Of all, PES has been chosen in this study due to its toughness and chemically endurance. 15 PES polymers, which have ether groups and sulfone groups in their backbone chains, possess high glass transition temperatures (T g ) and flexible chain in order to soften the polymer at a reasonable temperature due to the stiff sulfone groups and flexible ether linkages, respectively.
PES structure differs within a range of T g about 190°C-230°C. However, the main disadvantage of using PES is its low hydrophilicity (around 80°). Lack in the hydrophilicity in a polymer membrane may result in fouling to the membrane. 16 Thus, the hydrophilicity of PES membrane could be modified by following different routes such as mixing with co-polymer, surface grafting, coating and adding ceramic fillers etc. 17, 18 Other than that, hydrophobic membrane could also be altered using nanoparticles (NPs) including TiO 2 , SiO 2 , Al 2 O 3 and others to form hydrophilic membrane. 19 Membrane hydrophilicity enhancement after addition of TiO 2 nanoparticles have resulted in water flux improvement. 20 Furthermore, when 1%-2% of TiO 2 is incorporated with the pure membrane, the membrane porosity is increased, while when the ratio is increased to 3%, the agglomeration of NPs occurred.
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Generally, the incorporation of NPs into the membrane influences the membrane characteristics significantly. The trade-off between permeability and selectivity of polymeric membranes could be solved by incorporating NPs. The presence of NPs has been found to alter the characteristics of the membranes' top layer, pore size, thickness, hydrophilicity and charge potential, and parameters related to the membrane structure such as the porosity and macrovoid morphology of the asymmetric support. 22 Thus, this work is aimed to synthesise and characterise phase inversion PES NF membrane for xylitol separation application. The synthesised membrane was also incorporated with TiO 2 NPs to enhance the membrane permeation properties for xylitol separation as well as maintaining other inherent properties of the polymers such as chemical, physical and morphological.
EXPErIMENTAL
Materials
Polyethersulfone (PES) granule (Goodfellow) was used as the membrane based polymer. Titanium dioxide (TiO 2 ) was used as nanoparticles (99.5%, 20 nm) (Nanoamor). N-methyl-2-pyrrolidone (NMP) with analytical purity 99.7% (Fluka, Germany) and distilled water were used as solvent and non-solvent, respectively. Xylitol, xylose and arabinose powder of 99% (Acros Organic) were used as received for preparing synthetic sugar mixtures.
Membrane Preparation
Phase inversion technique was used to fabricate the pure PES and PES/TiO 2 modified membranes. First, 1% of TiO 2 NP amount were dissolved in 10% of NMP at 60°C with 450 rpm for 6 h. Then, the TiO 2 solution was added to dope solution containing PES (18%) with residue NMP. Both dope solutions were stirred at the same preparation conditions for 6h. The homogenous solution formed was left 24 h for degassing and then it was sonicated for 1 h to avoid nanoparticle agglomeration. A certain amount of the solution was cast using a casting knife at 200 µm thickness onto a glass plate at room temperature (27°C). The cast membranes were immersed in distilled water for 2 h for solvent exchange, and then the distilled water was changed for complete solvent exchange. The fabricated membranes were then stored in distilled water at room temperature prior to heat treatment.
Heat Treatment Procedure
The PES fabricated membrane was dried for 24 h at room temperature prior to heating. The membrane samples were placed in the oven at 100°C for 20 min.
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The heat-treated membrane was again kept in distilled water for further use.
Membrane Characterisation
Contact angle
The contact angle was measured to investigate the pure PES and PES/TiO 2 modified membrane's hydrophilicity. Both membranes were dried for 72 h prior to measurement. The Rame-Hart Model 200 standard contact angle goniometer was used with DROP image Standard Software with an accuracy of 60.10°. The medium used to measure the contact angle was deionised water and air at ambient temperature (27°C).
Membrane filtration performance
The pure water flux and xylitol solution permeation of the PES and PES/TiO 2 membranes were carried out by a dead-end filtration in a pressure filtration unit (Sterlitech HP4750, Sterlitech Corporation, USA). Initially, both membranes were compacted at 22 bar until a steady water flux was achieved (more than 1 h) using DI water prior to filtration experiments. The pure water flux (PWF) was measured at 4 bar by applying Equation 1. In order to minimise experimental errors, 5 samples were collected and the average flux value was reported. Next, rejection of model mixture solution of xylitol was measured using the same apparatus. In order to investigate rejection of both membranes, 19.1 g/L of xylitol mixture was used at 4 bar. 24 The rejection (R) was calculated by using Equation 2:
where C p and C f are concentrations of permeate and feed respectively.
The permeate concentrations (C p ) of xylitol, xylose and arabinose were quantified using HPLC (Ultimate 3000, Thermo scientific, USA), under the following analytical conditions: RPM column (Rezex, dimension: 300 × 7.8 mm, USA), Refractive Index (RI) Detector (Refractomax 520, ERC, USA), DI water as mobile phase, 60°C temperature and 0.6 ml/min flow rate.
The membrane NF performances were also investigated via salt rejection study. It was done by subjecting both membranes (before and after heat treatment) to 20 mM divalent salt rejection. The salt rejection was also calculated by using Equation 2.
rESULTS AND DISCUSSION
Membrane Characterisation
Contact angle
The contact angle value of the membrane shows the material's hydrophilicity. As the hydrophobicity increases, the contact angle of the droplets with the surface increases. Surfaces with contact angles greater than 90° are labelled as hydrophobic. 25 Table 1 presents the results of contact angle and pore size of pure PES membrane and PES-TiO 2 modified membrane. It is evident that the contact angle improved from 80 ± 4.95° to 68.6 ± 2.16° when 1% of TiO 2 was incorporated with pure PES membrane. Furthermore, the membrane pore size has decreased from 7 nm to 5 nm, while the membrane porosity has increased from 48% to 79% when the membrane was incorporated with TiO 2 NPs (the measurement method of pore size was according to Guerout-Elford Ferry Equation) . 26 This is due to the fact that after TiO 2 was added into the polymer doped solution, TiO 2 NPs will spread among PES chain segments. The chain segment cannot spread during membrane formation, and consequently, pore size diminished resulting smoother membrane surface and smaller contact angle. The same phenomenon was reported when the TiO 2 was added to increase polyamide/TiO 2 membrane hydrophilicity. 27 In this work, both contact angle values of PES and PES/TiO 2 membranes were less than 90°, thus, membranes are called as hydrophilic membranes; however, the PES membrane is classified as lack of hydrophilicity, while PES-TiO 2 membrane is more hydrophilic. 
Salt rejection study
Prior to separation and filtration study, these in-house membranes were tested for salt rejection studies to confirm their NF range. Salt rejection was carried out to determine the membrane filtration performances towards divalent anions before and after heat treatment. It was done by testing the rejection of 20 mM Na 2 SO 4 solution at 4 bar pressure. Table 2 showed Na 2 SO 4 rejection before and after heat treatment. The divalent salt rejection of pure PES membrane increased from 48% to 77% while after incorporation of TiO 2 NPs, the salt rejection also increased from 44% to 65%. This result shows that the membranes fabricated are in NF-ranged as desired since the rejection in divalent salts are improved after heat treatment. The effect of adding multiwall carbon nanotubes (MWCNTs) NPs to pure PES membrane on the salt rejection has shown that the divalent rejection improved from 30% to 60% as 0.4% of MWCNTs NPs were added to the pure membrane. These results were used to confirm the nanofiltration performance of the membrane after adding NPs to the membrane. 
Filtration and Separation Properties
Pure water flux
The fabricated membranes were further tested for the water flux. Table 3 illustrates the pure water flux through the PES and PES/TiO 2 membranes at 4 bar. The addition of 1 wt.% of TiO 2 NPs to the PES has no significant effect on the water flux, the flux increased from 12 L/m 2 .h to 15 L/m 2 .h. Meanwhile, the addition of NPs with lower concentration yielded greater presence of macrovoid, compared to the neat membrane, causing the water molecules to have a lower resistance to penetrate through the membrane, and thus giving higher flux. 16 Therefore, it can be concluded that TiO 2 incorporation in a pure PES membrane could increase the pure water flux as confirmed in the previous studies. 
Permeate flux
The permeation study of xylitol mixture was carried out at 4 bar for 1 h to evaluate the membrane separation. To achieve this, a model solution of xylitol was used. Prior to this test, a synthetic solution of sugars was prepared following the same fermentation broth concentrations as reported by Mussatto et al. 24 upon producing xylitol from sugarcane bagasse and the detail concentration used is shown in Table 4 . The results in Table 3 show the increasing flux on the modified membrane where the solution flux of pure PES membrane was observed at 4 L/m 2 .h, while PES/TiO 2 membrane's flux increased to 7 L/m 2 .h. 
Xylitol solution rejection
The rejection test was performed for investigating the effect of separating xylitol from mixed sugars on both membranes. This test was conducted at 4 bar. Based on Affleck, 8 the use of high pressure will reduce xylitol rejection and is not recommended for this kind of separation. Same model solution (Table 4) was again used.
Initially, the calibration curve (Figure 1 ) for all sugar components at specific concentrations was constructed using HPLC method. The concentration of the main component (xylitol) was varied from 1.9 to 19.1 g/L. Based on the figure, the R 2 values for all plots are found close to 1, indicating that the linear equations for each of the components are reliable to be used in concentrations of xylitol, xylose and arabinose (Cp) seeking. The rejection of all sugar components after using both types of membranes are presented in Figure 2 . As seen from Figure 2 , xylitol rejection has increased from 54% to 56% when TiO 2 NPs were incorporated in the PES membrane. The fact that the presence of TiO 2 NPs may totally/partially plug the membrane pores is possibly one of the reasons for the increase in the rejection percentage. Another possible reason is that the increment of the hydrophilicity of the modified membranes have alleviated the adsorption of molecules on the top layer or pore wall of modified membranes, and further decreased the concentration polarisation and later decreased the mass transfer of solute through the membranes.
Lin et al. 16 have also reported on the role of the cake layer formation in the rejection of xylitol to a certain extent by suppressing the penetration of solute through the membrane. However, in this study, no cake layer was observed on the membrane surface during the filtration. There was also no flux decline along the filtration, which was possibly due to solution neutrality and the lower molecular weight of the components involved in the filtration. 8 Hence, the former reasons (i.e., pore plugging, hydrophilicity increment) may have played the roles. On the promising view, both fabricated membranes showed the ability to separate the solution components that have same molecular weight. 
CONCLUSION
In conclusion, PES membranes incorporated with/without of TiO 2 NPs were successfully fabricated via phase inversion technique. The characterisations of the membranes with/without nanoparticles of TiO 2 were investigated. The key conclusions are listed below:
• The heat treatment to the membranes brought them to be in NF from UF range • TiO 2 nanoparticles have affected the PES membrane properties where the contact angles have increased forward to be more hydrophilic • The addition of TiO 2 nanoparticles to PES membrane increased the membrane water flux • Incorporation of NP has improved the xylitol permeation and rejection. The presence of NPs will increase the rejection percentage and enhance the solute separation performance 5.
